The present work was carried out in order to obtain a better insight into the dielectric behaviour of fibrereinforced insulating materials, when they have been heavily stressed mechanically. Virgin and mechanically prestressed material was exposed to a high dielectric AC field employing high resolution PD-measurement. Optical investigation shows that mechanical prestress may produce a high number of microcracks of the order of a few tens of micrometers. In consequence these samples show partial discharges (PD) up to 0.5 pC before breakdown. This result corresponds to theoretical estimates for the dimensions of the cracks necessary for PD-inception. As these effects occur far above service conditions, it may be concluded that the material employed for the time being might be used at higher service stresses.
Introduction
Fibre-reinforced insulation materials are very important components for the design of electrical power apparatus, in particular for air insulated and SF 6 insulated switchgear. Normally these materials are not only stressed by the electrical field but also by mechanical forces.
A first insight into the dielectric behaviour of such materials exposed to mechanical stress was already subject of earlier work [1, 2, 3] . It was shown, that partial discharges can be triggered by bending fibrereinforced insulation tubes. However, the physical mechanism which is ruling this phenomenon is not yet fully understood. Therefore research is in progress to obtain better insight into the relations between the mechanical and the dielectric behaviour of high-quality fibre-reinforced vacuum-impregnated insulation materials, which are in common use for actuating rods in GIS. The scope of the investigations is to give an answer, whether these materials are correctly dimensioned for present operating conditions. High resolution PDmeasurements combined with microscopic structure analysis are the major tools. First results are presented in this paper.
Experiments

Experimental Setup
For dielectric diagnosis of the insulation material a phase resolved PD-measurement was employed. Therefore a conventional PD-measurement circuit with transformer, capacitor and filter was installed. With a spectrum analyser the signal-to-noise ratio was optimised. The samples to be tested were tubes with a length of 450 mm and an outer diameter of 34 mm and a wall thickness of 3 mm. The samples were mounted in a vessel filled with 6 bar SF 6 . Where they were exposed to an homogeneous electrical field, which was calculated by means of a simulation program. Details on the configuration of this experiment are given in [1 & 2] .
Test Procedure
Five tubes of a polyester fabric-reinforced vacuum-impregnated insulation material were tested. Three of them were exposed to a tensile test up to a maximum elongation of 8 %, increasing the length by 3.3 mm/min. The relationship of elongation vs. tension is given in fig. 1 . The tubes would rupture at a relative elongation of about 10 %. Two of the samples were not mechanically stressed.
After exposing the samples to mechanical stress they were electrically stressed in the test vessel mentioned above by increasing the field stress stepwise in 2 min. steps as shown in fig. 2 . PDmeasurement was performed during each step with a one minute recording time.
After all these tests the samples were sliced and the pieces were polished for optical investigations by means of a light microscope with a maximum magnification of × 1000.
Results
The two tubes investigated, which had not been exposed to mechanical stress, showed no measurable PD-inception until flashover across the surface occurred. The measured flashover field strengths are 180 kV/cm and 178 kV/cm.
All tubes, which were mechanically stressed, showed measurable PD (cp. fig. 3 ) before the breakdown field strength was reached. The average PD-inception field strength is 152 kV/cm with a span of 20 kV/cm. The corresponding values for the breakdown field strengths are E bd = 182 kV/cm with a span of 50 kV/cm. Fig. 3 demonstrates a typical PD-pattern obtained at a field strength of 160 kV/cm. Fig. 4 shows a microscope picture of the longitudinal section of a tube which had been stressed mechanically. The arrow indicates the direction of both the electrical field (E) and the mechanical force (F). Dark stains are visible (3). These stains are interpreted as the removal of tiny pieces of the material due to the polishing process. It is assumed that such defects occur mainly at these locations, where already microcracks existed, the latter caused by the mechanical test. The stains are therefore an indicator for the size and the quantity of the cracks. With the virgin material, such defects could not be detected, neither in the longitudinal nor in the transverse direction. This observation corresponds to the fact that with the virgin material no PD could be observed before flashover. Fig. 4 gives a first hint to the length of the cracks, which have to be expected after stressing the material to ε = 8 %. Investigating the transverse section of the same tube (cp. fig. 5a ), thin cracks can be detected, which follow the longitudinal fibres in the direction of the electric field and the tensile force.
To understand the PD-behaviour in such voids the dimensions of the cracks should be investigated further. Fig. 5b shows a magnification of the circled area in fig. 5a . The crack mainly follows the interface between matrix and fibre, but in areas where the adhesion is very good even the fibre can be split. The crack is stopped by the transverse fibre (2). The picture demonstrates, that the maximum cross dimension of the crack is about 10 µm. Over a major part of the crack the crosswise dimension is only a few micrometers.
Interpretation
In the following it will be estimated which crack length is required to initiate PD as a function of field strength. The most important conditions for the inception of a PD are a sufficiently high field strength and the presence of a first electron. The first electron can be supplied by radioactive or cosmic radiation. The following formula describes the average inception delay time for a spherical void in a gas filled insulation material [4] : 5 Pa) exposed to a natural irradiation (C rad Φ rad ≈ 2⋅10 6 kg -1 s -1 ) and U 0 /U inc >> 1 an average inception time of 16 mins. would result. With regard to the small dimensions of the investigated cracks (length ≈ 500 µm and diameter ≈ 10 µm, cp. figs. 4 & 5b) a long time would pass until the presence of a first electron starts an avalanche. As described before, to obtain a homogeneous welldefined stressed material and to lower the average inception delay time, the tubes were stressed to an elongation of ε = 8 %.
As indicated in fig. 2 , the maximum background field strength was initially kept at about 70 kV/cm for half an hour. With a relative permittivity of ε r ≈ 3.6 a maximum electric field could be reached that is 3.6 times higher in the void than the background field. For a spherical void it would be only 1.9 (ε sph = (ε r +2)/3) times. Assuming that the cracks would be filled with air (E crit ≈ 24.4 kV/(cm⋅bar), 1 bar) and the number density of voids is sufficiently high, PD should be detectable within a time lag of about 30 minutes, but they could not be detected. It is found that the average PD-inception global field strength, the span of which proved to be rather small, is about 152 kV/cm. It is therefore assumed that the absence of PD at 70 kV/cm is not due to insufficient waiting time. Hence it appears that the simple initial assumptions regarding the dimensions of the cavity do not hold.
An other model had therefore to be found. The following formula describes the Townsend criterion. The effective ionisation coefficient is here implicitly included by the Schumann approach:
γ stands for the feedback coefficient, p for the pressure and d for the length available to the avalanche. For epoxy resin as the material of the cathode, γ is of the order of 10 -4 [5] . Fig. 6 shows the Townsend inception field strength versus the avalanche length with γ as parameter. The horizontal line indicates the measured background inception field strength. Ignoring the field enhancement, the longitudinal dimension of the crack would have to be in the range of 30 µm to permit development of a significant avalanche. Considering the field enhancement in the void the lengths could be even smaller. Therefore either the longitudinal dimensions seem to be of the order of only a few micrometers or the cross section of the voids is so small, that it is able to restrict the avalanche. The latter is more plausible, even with a crack length of some 100 µm the cross section is not necessarily large enough to permit avalanche growth. Regarding the PD-pattern (cp. fig. 3 ) the question whether PD is in the bulk material or on the surface has to be considered. The first is more plausible because of three reasons:
• PD is more frequently next to the zero crossing of the applied sine wave voltage.
• The electrical field is so homogenous that even small discharges at the surface would lead directly to a flashover. The electrical behaviour of the virgin tubes affirm this statement.
• Mechanically prestressed material showed breakdown in the bulk whereas without this prestress surface flashover occurred ( fig. 7 ).
The measured PD-patterns (cp. fig. 3 ), which show only small amplitudes (< 0.5 pC), seem to validate the assumption, that the dimensions of the investigated cracks must be in the micrometer range.
Conclusions
Although not all parameters are exactly known as, for instance, the type of gas in the crack, its pressure, the feedback coefficient and the field strength in the void and though the sample is small it could be explained that even high quality fibre-reinforced materials show measurable PD, but only if they are overstressed mechanically.
A correlation between the dimensions of the cracks (microscopic investigation) and the PDbehaviour is given. Hence a quality test for fibrereinforced insulation materials should consider the mechanical and the dielectric behaviour.
Even when the mechanical and dielectric stress are far above service conditions, the high quality fibrereinforced materials show very little PD. Therefore and because with virgin tubes no PD could be detected until flashover occurred, it can be questioned, whether these materials could be employed for higher service stress than this is the case for the time being.
Further work is in progress to investigate the longterm behaviour of mechanically prestressed vacuumimpregnated materials.
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